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ABSTRACT
To determine the long-term success of the recommended Yucca Mountain high-level
nuclear waste repository, studies of bacterial colonization and biofilm development are needed.
Bacteria involved in microbially-influenced corrosion and degradation are known to form
biofilms with the potential to impact the integrity of repository packaging and structural
materials. Temperature and humidity are environmental factors that can greatly affect biofilm
formation. Therefore, it is necessary to determine the temperature and humidity conditions that
affect biofilm formation.
Microcosms, which simulated the repository environment of Yucca Mountain, were
placed at temperatures ranging from 30° C to 70° C and in relative humidities ranging from
100% to 32%. The microcosms contained titanium, C22 nickel alloy, and N316 stainless steel
coupons buried in crushed Yucca Mountain muckpile rock. The uniform-sized metal coupons
were sacrificed at the following timepoints: day 0, 1 day, 1 month, 5 months,! year, and 18
months. The average number of culturable bacteria harvested from the entire surface of each of
the three coupon types, incubated at 100% relative humidity and 30° C, increased from
approximately 1x102 CPU at day 0 to a range of 4-7x104 CPU at 5 months, followed by a
decrease to 5-8x102 CPU after 18 months of incubation. The average number of culturable
bacteria harvested from the surfaces of the three metals, incubated at 84%, 70.5%, and 32%
relative humidity and 30° C, were unchanged at 102 CPU from day 0 to 18 months or decreased
to numbers below the level of detection. Culturable bacterial counts, from the three candidate
metals incubated at 60 and 70° C and 100% relative humidity, showed a decrease from 102 CPU
at day 0 to numbers below the level of detection at 18 months. Confocal laser microscopy
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showed minimal differences in the extent of microbial colonization on the three metal surfaces in
all but optimum conditions, 100% RH and 30° C, at each timepoint after day zero. These data
indicate that a decrease in relative humidity level or an increase in temperature severely affects
biofilm formation on the three candidate metals being considered for repository packaging at the
recommended Yucca Mountain nuclear waste repository.

INTRODUCTION
Yucca Mountain is the recommended site for our nation's first permanent high-level
nuclear waste repository. To accurately determine the long-term success of a repository,
information concerning the long-term success of the repository structure is needed. This
investigation will encompass the effects of bacterial colonization and biofilm development on
recommended repository support and packaging materials.
Microbiologically-influenced corrosion (MIC) is used to designate corrosion due to the
presence and activities of microorganisms within biofilms on metal surfaces. MIC also includes
microbial metabolites that may be produced at one location and diffuse to a corrosion site (Little
and Wagner, 1996). MIC is localized corrosion resulting in pitting, crevice corrosion,
underdeposit corrosion and selective leaching. The microbial metabolic activities within
biofilms can accelerate rates of reactions in a number of corrosion processes.
Previous studies have shown that certain bacterial species are involved in the degradation
and corrosion of structural materials (Geesey, 1991). Corrosion can occur due to the action of
heterotrophic bacteria and fungi as well as iron-oxidizing, sulfate-reducing, and
exopolysaccharide (EPS)-producing bacteria. One such action can take the form of acid
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production. Thiobacillus ferrooxidans is an iron-oxidizing bacterium which is also capable of
oxidizing reduced sulfur species, producing sulfuric acid and creating rust on a variety of metal
substrates (Pronk et al., 1992, Hallmann et al., 1992). This can be accomplished with the use of
iron or sulfur as a sole energy source and carbon dioxide as a sole carbon source. Such ironoxidizing bacteria have been isolated from the welded tuff of Yucca Mountain (Pitonzo, 1996).
Other acid-producing bacteria, e.g., nitrifying bacteria, have also been recovered from Yucca
Mountain subsurface environments. Another group, sulfate-reducing bacteria, is implicated in
microbially-influenced corrosion of metals (Hamilton, 1985). Metal-sulfides are produced from
sulfate respiration and these may form the basis of corrosive capabilities of sulfate-reducing
bacteria. For example, iron sulfides may promote the accumulation of atomic hydrogen at the
metal surface, causing hydrogen embrittlement. Microorganisms involved in microbiallyinfluenced corrosion can occur in and are facilitated by biofilms (Costerton et al., 1987, Ford and
Mitchell, 1990, Costerton andBoivin, 1991).
ATP generation by chemoautotrophs is similar to that of chemoheterotrophs except that
the electron donor is inorganic instead of organic (Madigan et al., 2000). Inorganic compounds
that can serve as raw materials for chemoautotrophic metabolism include molecular hydrogen,
reduced sulfur compounds such as hydrogen sulfide, reduced iron compounds such as iron
sulfide, and nitrogen-containing compounds such as ammonium and nitrite ions (Atlas, 1997).
Metal redox reactions influenced by microbial metabolic activities, e.g., microbially-influenced
corrosion (MIC), relate to the energetics and physiology of these chemoautotrophs (Jones and
Amy, 2000).
The redox potential, Ej,, of the environment is critical because many enzymatic reactions
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are oxidation-reduction reactions (Atlas and Bartha, 1998). Strictly aerobic microorganisms can
be metabolically active only at positive redox potentials which indicate an environment that
favors oxidation reactions (Jones and Amy, 2000). Strictly anaerobic microorganisms are active
only at negative redox potentials which indicate an environment that favors reduction reactions.
Facultative anaerobes can operate over a wider range of Eh values using oxygen, when available,
as an electron acceptor or using alternate electron acceptors, such as ferric ion and nitrate ions, at
lower redox potentials. In microbially-influenced corrosion, biofilms create microenvironments
for the consortium of bacteria residing in the EPS matrix. These microenvironments include
variations in pH, nutrient concentrations, and oxygen levels. Biofilms allow for a variety of
microorganisms with differing redox-potential requirements to reside in close proximity to a
surface such as metal. Microorganisms use an available electron acceptor and achieve the
maximum energy yield possible. Biofilms increase the potential for MIC to occur through these
reactions.
Corrosion is viewed as a series of electrochemical reactions at a metal surface in contact
with an electrolyte-containing aqueous phase (Geesey, 1991). Biofilms have structural features
that are important in microbially-influenced corrosion. For example, the substratum on which
the biofilm is built may become the source of metabolic energy (Lappin-Scott and Costerton,
1995). Patchiness of microbial growth can establish localized electrochemical corrosion cells,
and therefore, localized corrosion (Videla and Characklis, 1992). Some areas of the substratum
can be heavily colonized, and in an oxygenated environment, the oxygen-consuming activities of
surface-associated bacteria can create oxygen concentration gradients (Geesey, 1991). The
region of the substratum below active microbial growth becomes anaerobic, and anodic, relative
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to the surrounding metallic surface exposed to air or an oxygenated aqueous phase; thus, metal
dissolution occurs (Lappin-Scott and Costerton, 1995). As the metal is oxidized, electrons
migrate to a region exposed to significant levels of oxygen and react with oxygen and water
molecules to form hydroxyl ions (Geesey, 1991). Hydroxyl ions can react with the metal ions to
form a complex of metal hydroxides and metal oxides. For example, sulfate-reducing bacteria
(SRB) can cause the oxidation of steel when removing the protective hydrogen layer by linking
the electron flow from the metal to the respiratory reduction of sulfate to sulfide. In this process,
hydrogen serves as an electron carrier (Cord-Ruwisch, 2000). The metal is the source of energy
for the SRB which feed on metallic iron by using the electrons released during the corrosion
process for respiration. SRB, known to be present in Yucca Mountain, are of interest in the study
of MIC of nuclear fuel waste containers (King and Stroes-Gascoyne, 1997) because of their
involvement in the biocorrosion process.
Factors that influence microbial activity and microorganisms' ability to form biofilms
include the presence of water, tolerance to high temperatures, availability of nutrients or energy
sources, and ionizing radiation (Little and Wagner, 1996). Microorganisms have been found to
exist and thrive in unusual environments such as radioactive and nutrient-deficient waters and
subsurface environments. For example, algae, fungi, and bacteria were found in water that
covered the damaged reactor core at Three Mile Island nuclear power plant.
The first objective of this study was to collect data on the boundary limits of biofilm
formation by determining the relative humidity requirements for biofilm establishment. This
was done with the expectation that relative humidity and available nutrients may be the primary
determinant of microbial activity. The second objective was to determine the boundary limits of
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biofilm formation based on temperature. Individual as well as bacterial groups exhibit diverse
optimal growth temperatures. The range of temperatures that a particular microorganism can
tolerate will determine its ability to survive in a given ecosystem (Atlas and Bartha, 1998).

MATERIALS AND METHODS
Collection and Preparation of Yucca Mountain Muckpile Rock
Mined Yucca Mountain tuff is stored in large mounds which surround the north portal
entrance to the mountain. This muckpile rock was collected by carefully removing top layers of
loose rock with alcohol-flamed sterilized shovels and collecting the rock below these layers.
Muckpile rock was placed into sterile, plastic bags and placed on ice. The rock was then
transported, within 6 hours, to the laboratory and stored at -20° C (Kieft et al., 1997).
In preparation for microcosm assembly, the muckpile was crushed into fine grains using
alcohol-flamed sterilized mortar and pestles (See APPENDIX I).
Coupons and Microcosms
One cm2 coupons were constructed from the following metals: C-22 nickel alloy, N-316
stainless steel, and titanium (Metal Samples, Mumford, Alabama). Aseptically crushed muckpile
rock was transferred to sterile glass Petri plates. The metal coupons were placed inside the
muckpile rock. Microcosms were then placed in chambers held to specific relative humidities
and temperatures.
Relative Humidity
To achieve different relative humidity (RH) levels, saturated salt solutions filled the
bottom reservoirs of the microcosm chambers (Nalgene Autoclavable Dessicators). The

11
saturated salt solutions included KC1 (83.6% RH), KI (67.9% RH), and MgCl2 (32.4% RH).
Distilled water was used to create 100% RH. The saturated salt solutions were prepared by
adding 50 g aliquots of each salt to approximately 600-700 mL of distilled water while stirring
continuously on a magnetic stir plate. Salt was added until crystals no longer dissolved. The
total volume of each salt solution was 1 liter. The Petri plate microcosms were placed on a grid
above the salt solution. After chambers were assembled, the lid was sealed with high vacuum
grease (Dow Corning). Relative humidity levels were checked using a digital thermohygrometer
(Cole-Palmer P-37450-52).
Temperature
Three temperatures were chosen to bound the limits of biofilm formation. Temperatures
were controlled using a Revco RA50-1060-ABA (30° C), a Napco Model 303 Incubator (60° C),
and a Precision Scientific Thelco Laboratory Oven Model 160 (70° C). NIST-traceable
thermometers (H-B Instruments) were used to monitor temperature in each of the incubators.
Each controlled humidity chamber was placed at the appropriate temperature.
Treatment Groups and Timepoints
At 30° C the following relative humidities were used: 100%, 84%, 68%, and 32%. At
100% relative humidity the following temperatures were used: 30, 60, and 70° C.
The coupons were sacrificed at day 0, 1 day, 1 month, 5 months, and 1 year. With the
exception of day 0, coupons were exposed to a set temperature and relative humidity values prior
to sacrificing. At day 0 the three metal coupons were placed into the crushed rock, and removed
immediately.
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Heterotrophic Plate Counts
Adherent material and biofilm was scraped off coupons at each timepoint and vortexed in
R2B broth (yeast extract, 0.5 g; proteose peptone, 0.5 g; casamino acids, 0.5 g; glucose, 0.5 g;
sodium pyruvate, 0.3 g; K2PO4, 0.3 g; MgSO4.7H2O, 0.05 g per liter distilled H2O, pH = 7.2)
(Difco). Homogenized biofilm was spread-plated onto R2A agar (Difco), and incubated at room
temperature for 2 weeks (See APPENDIX I). Colony forming units were counted, and microbial
diversity observed and calculated using Shannon-Weaver diversity indices (Atlas and Bartha,
1998).
Scanning Electron (SEM) and Confocal Laser Microscopy (CLSM)
Coupons were fixed in 4% glutaraldehyde (Sigma) for scanning electron and confocal
laser microscopic analysis (See APPENDIX I). Scanning electron microscopy (JSM - 5600) was
done at the EPMA/ SEM Facility, Department of Geosciences, and confocal laser microscopy
(Zeiss LSM 5) was done at the Center for Biological Imaging, Department of Biological
Sciences, University of Nevada, Las Vegas.

RESULTS
At 100% relative humidity (RH), 30°C, the heterotrophic plate counts (HPC) from day 0
to 1 day on C22, N-316, and titanium coupons increased from less than 1x103 CPU to 2-4x104
CPU per coupon (Figs. 1, 2, 3). HPCs increased at 1 month on N-316 and titanium coupons to 46xl04 CPU per coupon (Figs. 1, 3), and decreased on C-22 to 3xl03 CPU per coupon (Fig. 2).
All three metal types increased HPC values by 5 months to 4-7x104 CPU. After 18 months of
incubation, N-316 and titanium coupons showed decreased HPC values to 8xl02 CPU, and 5xl0 2
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CPU for C22.
HPCs at 84% RH, 30°C, were lower than 100% RH for all three metal types. There was
attachment of microorganisms, l-2x!02 CPU per coupon, at 24 hours for all three metal coupon
types followed by a gradual decrease to undetectable values after 18 months of incubation
(Tables 1, 2, 3). At 70.5% RH, 30°C, HPCs did not increase from 1 xlO 2 at Day 0 throughout the
test for all three metal types (Tables 1, 2, 3).
For the 32% RH, 30°C treatment group, N-316 stainless steel and C22 nickel alloy
coupons demonstrated microbial attachment, less than 1x102 CPU per coupon, at Day 0 which
gradually increased to 2-3x102 CPU after 5 months of incubation (Tables 2, 3). After 18 months
of incubation, the HPC values on N-316 stainless steel and C22 nickel alloy coupons did not
change significantly, 2.51x102 CPU per coupon (Tables 2, 3). Titanium coupons showed
microbial attachment, less than 102 CPU per coupon, at day 0 and 1 day with an increase in CPU
values to almost 1x103 CPU per coupon after 5 months of incubation (Table 1). After 18 months
of incubation, CPU values per titanium coupon decreased by 10-fold.
When temperatures were increased to 60 and 70°C at 100% RH, HPC values decreased
for all three types of metal coupons from less than IxlO 2 CPU to undetectable levels at 1 day
(Tables 4, 5, 6) and remained at undetectable levels for the duration of the test. This decrease in
HPC values is significant when compared to the HPC values at 30° C, 100% RH (Figs. 4, 5, 6).
Confocal laser and scanning electron microscopy revealed that under 100% RH and 30°C
conditions significant biofilm formed on the surfaces of the three types of metal coupons. The
titanium coupons showed increased biofilm development on the surface from day 0 to 5 months
(Figs. 7-14) which typifies the biofilm development on the C22 and N-316 surfaces. After one
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year of incubation confocal laser and scanning electron microscopy showed a decrease in the
amount of biofilm covering the titanium surface (Figs. 15, 16) which correlates with HPC data of
the C22 and N-316 coupons as well.
Only small patches of biofilm formed on C22, N-316, and titanium coupon surfaces
under lower than 100% relative humidity conditions and 30°C. At 84% and 70.5% RH, small
patches of biofilm and rock particles were seen attached to the C22 nickel alloy surface after one
year of incubation using scanning electron microscopy (Figs. 17, 18). Only small clumps of rock
and biofilm patches were attached to the surfaces of titanium coupons after incubating at 32%RH
for one year (Fig. 19).
At 60 or 70°C and 100% RH, biofilm development was negligible as evidenced by
scanning electron microscopy compared to biofilm development observed at 30°C. On the
surfaces of N-316 stainless steel, biofilm development was negligible after one year of
incubation at 60°C, 100% RH (Fig. 20). Similar results were observed on C22 nickel alloy and
titanium surfaces (data not shown).

DISCUSSION
HPC data suggested that a significant decrease in biofilm development occurred with
relative humidity values less than 100% and increased temperature. After 5 months of
microcosm incubation, total culturable counts ranged from 2-4x104 CPU per coupon at 100% RH
and 30°C. At relative humidities ranging from 86% to 32% at 30°C, culturable counts were
negligible for the three metals tested (Tables 1, 2, 3). Temperatures ranging from 60 to 70°C at
100% RH inhibited biofilm formation resulting in negligible culturable counts after 18 months of
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incubation (Tables 4, 5, 6).
Therefore, increased temperature to 60 or 70° C or decreased relative humidity values of
86%, 68%, or 32% impeded biofilm formation on metal surfaces used in this study. The
microorganisms able to grow at these temperatures would need to be thermophilic with optimal
growth temperatures greater than 40° C (Atlas and Bartha, 1998). The crushed muckpile rock
used to bury the metal coupons was exposed to human and mechanical perturbation (Haldeman,
et al., 1995) which likely increased the number and types of microorganisms present; however, it
did not guarantee the introduction of thermophilic microbes.
Temperature could have an effect on the production of extracellular polymeric substances
which can enhance the adherence capability of bacterial cells. SEM studies have shown that
Listeria monocytogenes cells produced EPS at 21° C, but not at 10° C or 35° C (Norwood and
Gilmour, 2001). At increased temperatures of 60 and 70° C, microorganisms would not only
have to be thermophilic but capable of producing EPS as well. EPS is critical not only for initial
adhesion, but in the firm anchorage of bacteria to solid surfaces (Norwood and Gilmour, 2001)
and in the ability of biofilm microorganisms to deal with environmental stresses such as nutrient
limitations, solar radiation, and variations in temperature (Perrot et al, 1998).
Optimal conditions for activity of aerobic soil microorganisms require a water activity
value, a^,, of 0.98 - 0.99 (Atlas and Bartha, 1998). However, some microorganisms can exhibit a
greater tolerance of desiccation than others (Potts, 1994). Such dessication tolerance was not
exhibited in this study.
The culturable counts from C22 nickel alloy coupons decreased from approximately
3x104 to 2x103 CPU at 100% RH, 30°C between 1 day and 1 month (Fig. 2). A possible
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explanation is that as the C22 nickel alloy coupons began to corrode, some products may have
been mildly toxic to the early bacterial community. However, as the biofilm developed, the
succeeding bacterial communities appeared to better tolerate the C22 nickel alloy because
culturable counts increased from 2xl03 CPU at 1 month to approximately 6 xlO 4 CPU at 5
months of incubation.
The increased tolerance of the succeeding bacterial communities may be a result of the
developing biofilm structure which helps to protect microorganisms from environmental stresses
such as toxic metals and organic pollutants (Cowan, et al, 2000). The organization and
morphology of a biofilm can change due to the selective pressure of toxic compounds. This is
illustrated in a study (Cowan et al, 2000) using biofilms composed of two species of
Pseudomonas (GJ1 and DMP1) where the distribution of the microorganisms within the biofilm
matrix was affected by the presence of toxic wastes. A commensal relationship was observed
using confocal laser microscopy where Pseudomonas GJ1 benefitted from the ability of
Pseudomonas DMP1 to detoxify these toxic wastes. The EPS of the mixed culture biofilm was
concentrated in mushroom-shaped clusters and its distribution unaffected by the presence of
toxic wastes as opposed to the single species biofilm comprising Pseudomonas GJ1 which
exhibited a uniform distribution of EPS in the presence of toxic wastes and whose biofilm
development was inhibited (Cowan et al, 2000).
Culturable counts from C22, N-316, and titanium decreased from 4-7x104 CPU per
coupon after 5 months of incubation (30° C, 100% RH) to approximately 5-8xl02 CPU per
coupon after 18 months of incubation. The culturable count graphed data for all three metal
coupons (Figs. 1, 2, 3) demonstrates results similar to growth curves of laboratory broth cultures.
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From 5 months to 1 year, a decrease in nutrient availability and an increase in toxic waste byproducts may account for the decreased CPU at 1 year of incubation. All the results show a
similar pattern which may also be indicative of the microbial preference to adhering to the rock
rather than the metal surfaces.
Within the biofilm consortium there may also be competition or antagonistic
relationships between the species of bacteria within the biofilm matrix that could impede biofilm
development during the 5 month to 1 year period of incubation. A study investigating the
adherence capabilities of Lister ia monocytogenes (Norwood and Gilmour, 2001) found that
Listeria monocytogenes had to compete with Pseudomonasfragi and Staphylococcus xylosus.
This competition accounted for the decrease in Listeria monocytogenes cells in multispecies
biofilms. Staphylococcus xylosus also produces antagonistic compounds against Listeria
monocytogenes and EPS which may impede adhesion of Listeria monocytogenes cells to
stainless steel surfaces (Norwood and Gilmour, 2001).
Heterotrophic plate counts and most probable number counts for specific metabolic types
can be used to determine the abundance of viable microorganisms in subsurface samples (Kaiser
and Bollag, 1990) such as the rock from Yucca Mountain. HPC values represent approximately
20 to 80% of the total cell counts depending upon the medium used. These amounts not only
give information about the number of colonies present in a sample, but also provide colony
morphologies which provide information on the microbial diversity of a particular environment
(Kaiser and Bollag, 1990). HPC values can demonstrate whether certain types of
microorganisms exist in a particular habitat, but do not necessarily represent the majority of
microorganisms for that habitat.
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Viable bacteria can be found in most subterranean environments. Typical culturable
counts range from 102 to 106 bacteria per cubic centimeter of solid surface (Pedersen, 1996).
Subsurface bacteria are found alive and active; although, their metabolism proceeds at slower
rates than in surface environments (Pedersen, 1996). However, subsurface environments have
demonstrated high proportions of heterotrophic bacteria (Balkwill, et al., 1989), especially in
studies of oxygenated volcanic tuff at the Nevada Test Site (Amy, et al., 1992, Haldeman and
Amy, 1993). With increased awareness of viable subsurface and endolithic microorganisms,
signature lipid biomarkers have been used to quantitatively assess viable biomass, community
composition and the nutritional/ physiological status of subsurface microbiota (White and
Ringelberg, 1996) because metabolic rates are below the level of detection (Kieft et al., 1997).
Determining whether these microorganisms can colonize repository structures and containers,
and affect physical and chemical processes is of paramount importance. These processes could
include corrosion of metals or concrete, gas formation from organic materials or mobility of
elements in ground water and rocks (Bachofen, 1991). Microbial metabolism on repository
structures could promote accelerated reactions, accumulation of degradation products, or
changes in their physical integrity.
SEM did not indicate corrosion on the metal surfaces; however EDS (Electron Dispersion
Spectroscopy) analyses may provide information on whether corrosion processes began to take
place at the biofilm-substrate interface by the detection of corrosion by-products. Previous
studies by Castro 1997, have demonstrated metal coupon corrosion with Yucca Mountain rock
and isolated MIC cultures. Bacteria of the genus Thiobacillus and sulfate-reducing bacteria
(SRB) exist in the rock and soil of the Nevada Test Site and are capable of metal corrosion
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(McCabe, 1990, Pitonzo, 1996, Castro, 1997). Thiobacillus and other iron-oxidizers have
aerobic metabolism. Aerobes predominate unsaturated subsurface regions, but anaerobes, such
as sulfate-reducers, can be found in anaerobic microenvironments in the subsurface (Kaiser and
Bollag, 1990, Pitonzo, 1996). For example, sulfate-reducing bacteria are the most abundant
class of chemoautotrophs in the subsurface layers of the Savannah River Plant site (Kaiser and
Bollag, 1990).
This study shows that muckpile rock excavated from a subterranean environment harbors
microorganisms that can colonize metal surfaces, given the appropriate conditions. Initially,
high-level nuclear waste will create high temperatures and low water activity that will slow
biofilm formation. With time, temperatures will decrease and water activity will increase as
water migrates through the natural vadose zone and backfill. These conditions will be favorable
for biofilm formation by microorganisms. Some of these may be responsible for MIC.
Therefore, the bounding limits of temperature and relative humidity for biofilm formation need
to be determined so that the stability of the high-level nuclear waste packaging and structures
can be predicted.
This work was done in accordance with the UCCSN QA Program. Access to electronic
data was limited to task personnel. Security was maintained and loss was prevented by use of
backup files. Backup files and scientific notebooks were secured in a fireproof safe. Manual
entry and file transfers were verified for accuracy. No electronic data were lost or corrupted for
this task.
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TABLE 1
TITANIUM, RELATIVE HUMIDITY

Table 1
Titanium
Incubation
Periods

Titanium: Relative Humidity, Colony Forming Units
84%
Relative Humidity
30 degrees C

100%
Relative Humidity
30 degrees C

70.5%
Relative Humidity
30 degrees C

32%
Relative Humidity
30 degrees C

DayO

56 + 12*

56 + 12

56 + 12

56 ± 12

24 Hours

3.65xl04 + 4.51xl03

75 + 21

20 + 11

1.06xl02 ± 2-SxlO 1

1 Month

5.54xl04 + l.SlxlO 4

88 ± 36

1 ± 1

87 + 8

5 Months

4.86xl04 + 1.90xl04

0

17 ± 6

9.28xl02 + 1.70xl02

1 Year

1.22xl04 + 1.37xl03

26 ± 15

0

1.33xl02 + 2.9x10'

18 Months

7.56xl02 + 8.60X101

3.37xl02 + 5.40X101

0

2.46xl02 + 2.20x10'

* Mean + S. E.

to
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TABLE 2
C22 NICKEL ALLOY, RELATIVE HUMIDITY

Table 2
C22 Nickel Alloy
Incubation
Periods

C22 Nickel Alloy: Relative Humidity, Colony Forming Units

100%
Relative Humidity
30 degrees C

84%
Relative Humidity
30 degrees C

70.5%
Relative Humidity
30 degrees C

32%
Relative Humidity
30 degrees C

DayO

53 ± 12*

53 + 12

53 + 12

53 ± 12

24 Hours

2.98xl04 + l.SOxlO 3

2.10xl02 + 7.3x10'

22 + 4

52 +_ 11

1 Month

3.22xl03 ± 8.30xl02

32 + 10

0

92 + 14

5 Months

6.73xl04 + 1.23xl04

17 + 8

30 + 11

2.88xl03 + 3.10x10'

1 Year

4.88xl03 + 1.47xl03

8+ 3

0

43 + 6

18 Months

5.04xl0 2 ± l.OOxlO 2

3.16xl02 + 4.70x10'

0

2.51xl02 + 2.60x10'

* Mean + S. E.

to
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TABLE 3
N316 STAINLESS STEEL, RELATIVE HUMIDITY

Table 3

N316 Stainless Steel: Relative Humidity, Colony Forming Units
100%
Relative Humidity
30 degrees C

84%
Relative Humidity
30 degrees C

70.5%
Relative Humidity
30 degrees C

32%
Relative Humidity
30 degrees C

DayO

1.06X102 ± 2.7x10'*

1.06X102 + 2.7x10'

1.06X102 ± 2.7x10'

1.06X102 + 2.7X101

24 Hours

1.88xl04 +_ 2.18xl03 84 + 20

32+8

1.90xl02 + 1.15xl02

1 Month

3.88xl04 + 5.91xl03

97 ± 28

0

38 + 6

5 Months

4.25xl04 ± 3.30xl03

0

7+ 3

3.52xl02 + 7.20x10'

1 Year

8.78xl03 + 1.89xl03

3 + 2

1 ± 1

58+ 12

18 Months

7.61xl02 + 1.57xl02

2.90xl02 ± 4.70x10'

1.11 + 1.11

2.51xl02 + 2.60x10'

N316 Stainless Steel
Incubation
Periods

* Mean + S. E.
oc

29

TABLE 4
TITANIUM, TEMPERATURE

Table 4
Titanium
Incubation
Periods

Titanium: Temperature, Colony Forming Units
100%
Relative Humidity
60 degrees C

100%
Relative Humidity
30 degrees C

100%
Relative Humidity
70 degrees C

DayO

56 ± 12*

56 ± 12

56 ± 12

24 Hours

3.65xl04 + 4.51xl03

0

0

1 Month

5.54xl04 + l.SlxlO 4

36 + 34

0

5 Months

4.86xl04 + 1.90xl04

12 + 4

1.44xl02 + 1.39xl02

1 Year

1.22xl04 ± 1.37xl03

0

0

18 Months

7.56xl02 + 8.60x10'

0

0

* Mean + S. E.

LO
O
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TABLE 5
C22 NICKEL ALLOY, TEMPERATURE

Table 5
C22 Nickel Alloy
Incubation
Periods

C22 Nickel Alloy: Temperature, Colony Forming Units
100%
Relative Humidity
60 degrees C

100%
Relative Humidity
30 degrees C

100%
Relative Humidity
70 degrees C

DayO

53 + 12*

53 ± 12

53 + 12

24 Hours

2.98xl04 ± l.SOxlO 3

0

0

1 Month

3.22xl03 ± 8.30xl02

0

3 + 3

5 Months

6.73xl04 + 1.23xl04

44 + 25

3 ± 2

1 Year

4.88xl03 ± 1.47xl03

2 ± 2

0

18 Months

5.04xl02 + l.OOxlO 2

21 ± 21

9 +1

* Mean + S. E.

OJ

to
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TABLE 6
N316 STAINLESS STEEL, TEMPERATURE

Table 6
N316 Stainless Steel
Incubation
Periods

N316 Stainless Steel: Temperature, Colony Forming Units
100%
Relative Humidity
60 degrees C

100%
Relative Humidity
30 degrees C

100%
Relative Humidity
70 degrees C

DayO

1.06xl02 + 2.7xl01*

1.06xl02± 2.7x10'

1.06xl02 + 2.7x10'

24 Hours

1.88xl04 + 2.18xl03

0

0

1 Month

3.88xl04 ± 5.91xl03

0

0

5 Months

4.25xl04 + 3.30xl03

78 + 78

17 + 11

1 Year

8.78xl03 ± 1.89xl03

0

2+2

18 Months

7.61xl02 ± 1.57xl02

0

0

* Mean + S. E.

OJ
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FIGURE 1
N316 STAINLESS STEEL, RELATIVE HUMIDITY
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FIGURE 2
C22 NICKEL ALLOY, RELATIVE HUMIDITY

Heterotrophic Plate Counts (x 104 CPU) per Coupon
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FIGURE 3
TITANIUM, RELATIVE HUMIDITY
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FIGURE 4
N316 STAINLESS STEEL, TEMPERATURE

Heterotrophic Plate Counts (x 104 CPU) per Coupon
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FIGURE 5
C22 NICKEL ALLOY, TEMPERATURE
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FIGURE 6
TITANIUM, TEMPERATURE
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FIGURE 7
TITANIUM, DAY 0
30° C, 100%RH(CLSM)
Stain used was acridine orange. The areas stained orange-red contain DNA indicating the
presence of microbes. The surface of the metal coupon stained green.
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FIGURE 8
TITANIUM, DAY O
30° C, 100%RH(SEM)
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FIGURE 9

TITANIUM, 1 DAY
30° C, 100%RH(CLSM)
Stain used was acridine orange. The areas stained orange-red contain DNA indicating the
presence of microbes. The surface of the metal coupon stained green.
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FIGURE 10
TITANIUM, 1 DAY
30° C, 100%RH(SEM)
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FIGURE 11
TITANIUM, 1 MONTH
30° C, 100% RH (CLSM)
Stain used was acridine orange. The areas stained orange-red contain DNA indicating the
presence of microbes. The surface of the metal coupon stained green.
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FIGURE 12
TITANIUM, 1 MONTH
30° C, 100%RH(SEM)
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FIGURE 13

TITANIUM, 5 MONTHS
30° C, 100%RH(CLSM)
Stain used was acridine orange. The areas stained orange-red contain DNA indicating the
presence of microbes. The surface of the metal coupon stained green.
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FIGURE 14
TITANIUM 5 MONTHS
30° C, 100%RH(SEM)
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FIGURE 15
TITANIUM, 1 YEAR
30° C, 100%RH(CLSM)
Stain used was acridine orange. The areas stained orange-red contain DNA indicating the
presence of microbes. The surface of the metal coupon stained green.
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FIGURE 16
TITANIUM, 1 YEAR
30° C, 100%RH(SEM)
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FIGURE 17
C22 NICKEL ALLOY 1 YEAR
30° C, 84% RH (SEM)
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FIGURE 18
C22 NICKEL ALLOY, 1 YEAR
30° C, 70.5% RH (SEM)
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FIGURE 19
TITANIUM, 1 YEAR
30° C, 32% RH (SEM)
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FIGURE 20
N316 STAINLESS STEEL, 1 YEAR
60° C, 100% RH (SEM)
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APPENDIX I

METHODS FOR ANALYZING BIOFILM STRUCTURESpecies Richness and
Equitability: Shannon-Weaver Index
There are mathematical indices that describe species richness, variety, or i.e., evenness,
equitability, in a community. Species richness (diversity) can be expressed by ratios between
total species and total numbers; it measures the number of species in a community, but does not
indicate the number of individuals in a species. Equitability measures the proportion of
individuals (colonies in this case) among the species and can detect if there are any dominant
populations. Overall, diversity indices can reflect the complexity of a community structure.
A commonly used measure of diversity is the Shannon-Weaver Index (Atlas and Bartha,
1998). This diversity index is sensitive to species richness and relative species abundance. The
one problem with using the Shannon-Weaver Index is that it is sensitive to sample size, in
particular, small samples. The Shannon-Weaver Index of diversity (H) equals: C/N (N log N • ri; log nf), where C = 2.3, N = number of individuals, and n{ = number of individuals in the ith
species. Equitabiliry (J) equals: H/Hmax where H is the Shannon-Weaver diversity index and
Hmax is the theoretical maximal Shannon-Weaver diversity index for the population examined
and assumes each species has only one member.
Heterotrophic plate counts were done two weeks after plating harvested biofilms.
Dilutions were prepared so that 30 - 200 culturable counts were obtained on each plate. Species
were identified by colony morphology and counted separately for each species of bacteria.
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Confocal Laser Microscopy
Scanning confocal laser microscopic analysis was performed at the Center for Biological
Imaging, Department of Biological Sciences, University of Nevada, Las Vegas using a Zeiss
LSM 5. Sacrificed coupons were fixed in 4% glutaraldehyde (Sigma, EM grade) for a period of
18 hours (overnight). The coupons were removed from the glutaraldehyde and allowed to air dry
for an additional 24 hrs. due to the fact that the wood and cardboard coupons absorb a significant
amount of liquid. Each coupon is affixed to a glass slide using 2-sided tape and stained by
flooding the exposed side of the coupon with 0.1% acridine orange. After three min., the excess
acridine orange is aspirated off and the coupon surface is allowed to dry before viewing.
The confocal laser microscope can optically section a specimen to form a Z-stack. The
Z-stack is obtained by moving the objective lens vertically along the z-axis until the bottom and
top layers of the biofilm are observed and marked. The computer calculates the thickness of
each layer and number of layers needed for the Z-stack of the biofilm. Each layer is recorded
and compiled by the computer resulting in a 3-dimensional image which can be viewed as a
projected image, stereo image, or depth plot.
The best imaging was obtained using the Zeiss LSM 5 argon laser and an excitation
wavelength of 488 nm. The collection filter for Channel 1 was 650 nm and for channel 2 was
505-550 nm. The field was chosen by viewing the coupon surface using reflected
epifluorescence prior to using the lasers. There was difficulty in working with the cardboard and
wood coupons due to the porosity and irregularity of their surfaces. The 40x and 63x objectives
required several applications of immersion oil and coverslips were not used. Once the selected
field was focused, it was necessary to work quickly to obtain the Z-stack for 3-dimensional
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imaging because the cardboard and wood surfaces continued to absorb immersion oil.
Scanning Electron Microscopy
SEM was performed by the Electron Microscope Facility, Department of Biological
Sciences, Northern Arizona University, Flagstaff, Arizona and by the EPMA/ SEM Lab,
Department of Geosciences, University of Nevada, Las Vegas.
Dehydration procedures followed by Northern Arizona University were as follows: (1)
the cardboard coupons were washed in water (3 x 30 min. changes), 50% ethanol (1 x 20 min.),
70% ethanol (1 x 20 min.), 95% ethanol (1 x 20 min.), 100% ethanol (3 x 20 min.), (2) the wood
coupons were washed in water (8 hours to overnight, 3x), 50% ethanol (1 x 24 hrs.), 70%
ethanol (1 x 24 hrs.), 95% ethanol (1 x 24 hrs.), 100% ethanol (3 x 12 hrs.), (3) the metal
coupons were dehydrated using the same protocol as the cardboard coupons (Sellers, 2001).
These dehydration procedures were followed due to the thickness of the coupons which harbored
a significant amount of moisture. After dehydration, all coupons underwent critical point drying.
Scanning electron microscopy performed at the EPMA/ SEM Lab, University of Nevada,
Las Vegas used a Jeol JSM-5600. The coupons prepared at this facility were much thinner and
smaller in dimension than those prepared at Northern Arizona University. Due to less moisture
content, sacrificed coupons were fixed in 4% glutaraldehyde (Sigma, EM grade) for a period of
18 hours (overnight). The coupons were removed from the glutaraldehyde and allowed to dry
for a period of one week in a dessicating chamber (VWR). Coupons were mounted and coated
using a Pelco Model 3 sputter coater before viewing.

